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Using and Constraining Nonforward Parton Distributions
Deeply Virtual Neutrino Sattering in Cosmi Rays
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Abstrat
We overview the onstrution of Nonforward Parton Distributions (NPD) in Deeply Virtual
Compton Sattering (DVCS). Then we turn to the analysis of similar onstruts in the weak setor
(eletroweak NPD's). We argue in favour of a possible use of eletroweak DVCS (EWDVCS) as
a rare proess for the study of neutrinos in osmi rays and for light dark matter detetion in
underground experiments.
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1 Introdution
Nonforward Parton Distributions are an important onstrut in the parton model [1℄, [2℄ and appear
in Compton Sattering (CS) (Fig. 1) in the generalized Bjorken region [3℄, where the proess is hand-
bag dominated. They generalize ordinary parton distributions (Fig. 2). Proofs of fatorization to all
orders of proesses of this type have also been presented [4℄ and there is a large amount of work (see
for instane [5℄) devoted to the subjet, aompanied by ongoing experimental eorts to measure the
orresponding ross setion [6℄. In the eletromagneti ase the measurements are diult, given the
presene of a dominant Bethe-Heitler bakground. One of the possibilities to perform the measurement
is through the interferene between the Bethe-Heitler and the DVCS hand-bag diagram by eletron spin
asymmetries.
The analysis of these distributions, inluding their modeling [17℄[18℄ and the theoretial and phe-
nomenologial study of the leading-twist and higher-twist ontributions in the ontext of ordinary DVCS
(with a virtual or a real nal state photon) [10℄ has also progressed steadily. In this talk we will briey
outline some of the features of these distributions and elaborate on the possibility to use some variants of
them in the desription of eletroweak proesses indued by neutral and harged urrents on nuleons.
Possible appliations of these generalizations whih we are suggesting are in deeply virtual neutrino
sattering for diuse neutrinos and in the detetion of light dark matter. Results of this analysis will
be presented elsewhere.
2 The DVCS Domain
A pitorial desription of the proess we are going to illustrate is given in Fig. 3 where a lepton of
momentum l satters o a nuleon of momentum P1 ≡ p via a gauge boson exhange; from the nal
state a photon and a nuleon emerge, of momenta q2 and P2 ≡= P
′ = p + r respetively. In the
deeply virtual limit, analogous to the usual Bjorken limit, the nal state photon is on shell, and a large
longitudinal (light one) momentum exhanged is needed in order to guarantee fatorization.
The regime for the study of NFPD's is haraterized by a deep virtuality of the exhanged photon
in the initial interation (e+ p→ e+ p+ γ) ( Q2 > 2 GeV2), with the nal state photon kept on-shell,
large energy of the hadroni system (W 2 > 6 GeV2) above the resonane region and small momentum
transfers |t| < 1 GeV2. In the region of interest (large Q2 and small t) the Bethe-Heitler bakground
(∼ 1/t) is dominant and the 1/Q behaviour of the virtual Compton sattering amplitude (VCS) render
the analysis quite omplex. A dediated study of the interferene BH-VCS in order to explore the
generalized Bjorken region is therefore required.
2.1 Nonforward Parton Distributions
In the ase of nonforward distributions a seond saling parameter ζ (ξ) ontrols the asymmetry between
the initial and the nal nuleon momentum in the deeply virtual limit of nuleon Compton sattering.
Both the inlusive DIS region and the exlusive ERBL region an be analized with the same orrelator.
We reall that in the light-one gauge the (o forward) distributions H(x, ξ) [1℄ is dened as
Hq(x, ξ,∆
2)) =
1
2
∫
dy−
2pi
e−ixP¯
+y−〈P ′|ψ¯q(0,
y−
2
, 0⊥)
1
2
γ+ψq(0,
y−
2
, 0⊥)|P 〉 (1)
with ∆ = P ′ − P ,∆2 ≡ t P¯+ = 1/2(P + P¯ ) [1℄ (symmetri hoie) and ξP¯ = 1/2 ∆+.
This distribution desribes for x > ξ and x < −ξ the DGLAP-type region for the quark and the
antiquark distribution respetively, and the ERBL (see [5℄, [14℄) distribution amplitude for −ξ < x < ξ.
In the following we will omit the ∆ dependene from Hq.
The most ommon proedure is to use double distributions, F (x, y) dened with a symmetri hoie
of the external momenta and relate them to o-forward distributions H(v, ξ, t) [1℄, inorporating in a
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Figure 1: Compton Sattering
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Figure 2: Forward Parton Distributions
single interval with −1 ≤ v ≤ 1 both the quark and antiquark parton distributions with an asymmetry
parameter ξ,
H(v, ξ, t) =∫ 1
−1 dx
′
∫ 1−|x′|
−1+|x′| dy
′δ(x′ + ξy′ − v)F (x′, y′, t) , (2)
Below we will neglet the t dependene. The singlet/ nonsinglet deomposition of the evolution an be
arried out as usual taking linear ombination of avours
HS(v, ξ) =
∑
aH
q,a(v, ξ)∓Hq,a(−v, ξ) ,
HNS,a(v, ξ) = Hq,a(v, ξ)±Hq,a(−v, ξ) ,
HG(v, ξ) = Hg(v, ξ)±Hg(−v, ξ). (3)
The evolution an be analized in various ways. One possibility is to use nondiagonal distributions
[11℄, related to the asymmetri distributions introdued by Radyushkin (see [5℄)
F q,a
(
X1 =
v1+ξ
1+ξ
, ζ
)
= H
q,a(v1,ξ)
(1−ζ/2)
, (4)
F q¯,a
(
X2 =
ξ−v2
1+ξ
, ζ
)
= −H
q,a(v2,ξ)
(1−ζ/2)
, (5)
where v1 ∈ [−ξ, 1], v2 ∈ [−1, ξ]. The parameter ζ ≡ r+/p+ haraterizes the so-alled skewedness of
the proess and is dened in the interval ζ ∈ [0, 1]. Variables ξ and ζ are related in the DVCS limit by
ξ = ζ/(2− ζ) and ζ = xbj , oniding with Bjorken variable x (modulo terms of O(xbjt/Q
2)).
The inverse transformations between the vs and Xs are easily found in the various allowed regions
v1 =
X1 − ζ/2
1− ζ/2
, v2 =
ζ/2−X2
1− ζ/2
. (6)
F g(X, ζ) =
Hg(v, ξ)
(1− ζ/2)
. (7)
In the gluon ase one an use any either v1 or v2 equivalently.
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Figure 3: Leading hand-bag diagrams for the proess
One nds
F q,a(X, ζ) = H
q,a(v1,ξ)
1−ζ/2
=
∫ 1
−1 dx
′
∫ 1−|x′|
−1+|x′| dy
′δ (x′ + ξy′ − v1)
F q,a(x′,y′)
(1−ζ/2)
,
F q¯,a(X, ζ) = −H
q,a(v2,ξ)
1−ζ/2
=
∫ 1
−1 dx
′
∫ 1−|x′|
−1+|x′| dy
′δ (x′ + ξy′ − v2)
F q,a(x′,y′)
(1−ζ/2)
. (8)
with 1 > v1 > −ξ, −1 < v2 < ξ. The generation of initial onditions for nonforward distributions is
usually based on fatorization, as suggested originally by Radyushkin, starting from the double distribu-
tions (x′−y′ fatorization). These are obtained using some prole funtions pi() whih haraterizes the
spreading in y′ of the momentum transfer r, ombined with an ordinary forward parton distributions.
The latter is appropriately extended to the x′ < 0 to desribe antiquark omponents, as pointed out
long ago [12℄. For instane, in the quark/gluon ase one obtains [18℄ [2℄
F q,a(x′, y′) = piq(x′, y′)f q,a(x′)
=
3
4
(1− |x′|)2 − y′2
(1− |x′|)3
f q,a(x′) ,
F g(x′, y′) = pig(x′, y′)f g(x′)
=
15
16
((1− |x′|)2 − y′2)2
(1− |x′|)5
f g(x′) , (9)
for quark of avour a, where the quarks and gluon distributions are extended to x < 0, as
f g(x) = xg(x,Q0)Θ(x) + |x|g(|x|, Q0)Θ(−x) ,
f q,a(x) = qa(x,Q0)Θ(x)− (q¯
a)(|x|, Q0)Θ(−x) . (10)
F q,a(X, ζ) = 2
ζ
∫ v1+ξ
1+ξ
v1−ξ
1−ξ
dx′piq
(
x′, v1−x
′
ξ
)
qa(x′) . (11)
For the anti-quark, sine v2 = −v1 one may use eqs.(5,8) with v2 → −v1, and, exploiting the fat that
f q(x) = −q¯(|x|) for x < 0, one arrives at
F q¯,a(X, ζ) = 2
ζ
∫ −v1+ξ
1−ξ
−v1−ξ
1+ξ
dx′piq
(
x′, −v1−x
′
ξ
)
q¯a(|x′|). (12)
The expression for the gluons is similar. Performing the y' integration, one obtains in the two
regions, DGLAP and ERBL respetively
F g(X, ζ) = 2
ζ
∫X
X−ζ
1−ζ
dx′pig (x′, y˜(x′)) x′g(x′) , (13)
and
F g(X, ζ) = 2
ζ
[ ∫X
0 dx
′pig (x′, y˜(x′)) x′g(x′)
+
∫ ζ−X
0 dx
′pig (x′, y˜(−x′)) x′g(x′)
]
. (14)
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Figure 4: Unitarity diagram in DIS (forward Compton sattering)
2.2 A Comment
Parton distributions are quasi-probabilities, very similar to Wigner funtions (as rst observed in [7℄),
though the momentum dependene of the latter is not found easily found in the former. One possibility
in this diretion has been suggested reently [8℄. The formal denition of a parton distributions is in a
non-loal light one orrelator, built through unitarity (at least in the forward ase). In the nonforward
ase there is no optial theorem (Fig. 4) that holds, and the onstrut is a genuine orrelation funtion
in the nuleon state. We have pointed out in [7℄ the existene of a formal relation between evolution
equations and kineti equations, via a Kramers-Moyal expansion of the non-forward evolution equation.
This relation arries a strong similarity to the well known relation between Wigner funtions and their
assoiated evolution equations, given by dierential operators of arbitrarily high orders (Moyal produts)
as known from the phase-spae approah to quantum mehanis [9℄. Indeed the denition of a parton
distribution takes plae through a Wigner-Weyl transform, limited to the light one domain.
The evolution equations desribing NFPD's are known in operatorial form [16℄. Single and double
parton distributions are obtained sandwihing the operatorial solution with 4 possible types of ini-
tial/nal states < p|...|p >,< p|...|0 >,< p′|...|p >, orresponding, respetively, to the ase of diagonal
parton distributions, distribution amplitudes and, in the latter ase, skewed and double parton distri-
butions [1, 16℄. The ansatz for the general solution of the evolution equations up to next-to-leading
order for Hq(x, ξ) is given by [7℄
Hq(x, ξ) =
∞∑
k=0
Ak(x, ξ)
k!
logk
(
α(Q2)
α(Q20)
)
+ α(Q2)
∞∑
k=0
Bk(x, ξ)
k!
logk
(
α(Q2)
α(Q20)
)
, (15)
where we have introdued arbitrary saling oeients (Ak, Bk), now funtions of two parameters (x, ξ).
The evolution an be written down in various forms. The one we have exploited omes from kineti
arguments on whih we now briey elaborate.
In the non-forward ase (DGLAP-type evolution) the identiation of a transition probability for the
random walk [7℄ assoiated with the evolution of the parton distribution is obtained via the non-forward
transition probability
wζ(x|y) =
α
pi
CF
1
y − x
[
1 +
x
y
(x− ζ)
y − ζ
]
θ(y > x)
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Figure 5: Overlap of wave funtions in proton Compton sattering
2PP1
Figure 6: ERBL fatorization of proton Compton sattering
w′ζ(y|x) =
α
pi
CF
x2 + y2
x2(x− y)
θ(y < x) (16)
and the orresponding master equation is given by
dFq
dτ
=
∫ 1
x
dy wζ(x|y)Fq(y, ζ, τ)−
∫ x
0
dy w′ζ(y|x)Fq(x, ζ, τ), (17)
that an be re-expressed in a form whih is a simple generalization of the formula for the forward
evolution [7℄
A Kramers-Moyal expansion of the equation allows to generate a dierential equation of innite
order with a parametri dependene on ζ
dFq
d logQ2
=
∫ 0
α(x)
dy wζ(x+ y|x)Fq(x, ζ, τ) +
∫ −x
0
dy w′ζ(x+ y|x)Fq(x, ζ, τ)
−
∞∑
n=1
∫ α(x)
0
dy
(−y)n
n!
∂x
n (wζ(x+ y|x)Fq(x, ζ, τ)) . (18)
If we arrest the expansion at the rst two terms (n = 1, 2) we are able to derive an approximate
equation desribing the dynamis of partons for non-diagonal transitions whih is similar to onstrained
random walks [7℄.
2.3 Possible Constraints
Kineti analogies are an interesting way to test positivity of the evolution for suitable (positive) bound-
ary onditions, though their pratial use appears to be modest, sine it is limited to leading order
in the strong oupling αs [7℄. Other interesting onstraints emerge also from other studies, based on
a unitarity analysis [19℄, whih also may be of help. Their pratial impat in the modeling of these
distributions has not been studied at all.
5
We should stress that these QCD bounds, similar to the Soer bound for h1 [13℄, some of them
involving forward and nonforward distributions at the same time, should be analized arefully in per-
turbation theory. All the anomalous dimensions are known up to next-to-leading order and the study
is possible. Another input omes from Ji's sum rule on angular momentum [1℄, whih needs to be satis-
ed. One an view Ji's sum rule also as a onstraint between the evolution of angular momentum and
the nonforward parton distributions for a vanishing t. The evolution of all the distributions, inluding
angular momentum is also known, and there is wide room to play with the boundary onditions. Other
onstraints may ome from a ombined sum rule analysis for proton Compton sattering, along the
lines suggested in [15℄. The soft mehanism based on the overlap of wave funtions (see Fig. 5), pre-
asymptoti (Fig. 6) may be studied using dispersion theory of 4-urrent orrelators (Fig. 7), espeially
for sattering at wide angle.
3 EWDVCS
We now ome to disuss an interesting generalization of the standard DVCS proess.
The eletroweak version of the proess (EWDVCS), in the regime that we are interested in, requires
the notion of eletroweak NPD's to be onveniently desribed. A harged urrent version of this inter-
ation, with an eletron or a neutrino in the nal state, the latter oming from an eletron, an also
be ontemplated. We are going to argue that there are motivations for studying these extensions for
astropartile appliations.
If we entertain the possibility of extending DVCS to the weak setor we will be faing the issue of
large suppression in the ross setion. For harged urrents there is a similar BH bakground, but not
for neutral urrents, for instane in neutrino-nuleon sattering, this aspet is obviously not present.
We shoukd keep in mind that it is very likely that most of our hopes to detet dark matter using ground
or underground based failities, whatever they may be, have to rest onsiderably on our apability to
detet weakly interating partiles of various masses and in various kinematial domains.
Dierently from standard aelerator searhes, in the astropartile ase the range of these interations
vary from low to high to extremely high energy.
The example of Ultra High Energy Cosmi Rays (UHECR) [24℄ and the undeterminations assoiated
to the estimates of their energy both in the strong setor (for instane at the Greisen-Ztsepin-Kuzmin
(GZK) uto and around it for p-p rst impats) and in the weak setor - suh as in the detetion
of neutrino-indued horizontal air showers - are lear examples of a theory that is unable to be fully
preditive. We remark that arguments linked to parton saturations and to the small-x impat of the
distributions for Ultra High Energy (UHE) neutrino sattering have been formulated only reently and
show a onsiderable readjustment [21℄ of the UHE ross setion. In partiular, our overall understanding
of this domain is still under debate, espeially from the S-matrix perspetive [25℄ Neutrino studies have
only been onned to the atmospheri and solar ase, for obvious reasons. Though the uxes may
hange onsiderably with a varying energy, it is oneiveable that other osmi ray experiments may be
looking for bounds on the parameter spae of the various models whih have been reently proposed.
In the searh for dark matter it is essential to have an open view on the possible mass range of the
possible andidates, inluding lower mass andidates [22℄. While dark matter searhes an be rather
indiret and an rely on new astronomial searhes with exellent perspetives for the future - suh as
weak gravitational lensing (gravitational shear measurements) or other observational methods having a
statistial imprint - [20℄ weak or superweak interations are still likely to be studied extensively using
nuleon targets. We believe that the few GeV region of QCD has very good hanes to be relevant in
the astropartile territory, and for a just ause. One additional photon in the nal state plus a reoiling
nuleon is a good signal for deteting light dark matter and both the uxes and the ross setions should
be aurately quantied [26℄.
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Figure 7: Dispersive Approah to proton Compton sattering using urrent orrelators (above). The
spetral density of pion Compton sattering (below).
4 Conlusions
We have illustrated some of the basi features of NFPD's and we have emphasized that there are other
possible appliations of the theory, espeially in the weak setor, whih may be relevant in the astropar-
tile domain. Any attempt to obtain a omplete overage of neutrinos and dark matter interation with
nuleons in underground experiments should also inlude searhes in the intermediate energy region of
QCD with far reahing onsequenes.
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